A novel intracellular pathogen morphologically similar to the ehrlichiae has been isolated in cell culture and identified as the cause of an epizootic disease of salmonid fish. Like the ehrlichiae, the salmonid pathogen, designated strain LF-89, replicates within membrane-bound cytoplasmic vacuoles in host cells. This agent is the first with characteristics of this type to be isolated from a fish. Analysis of the LF-89 16s rRNA indicated that, unlike the ehrlichiae, LF-89 is a gamma proteobacterium distantly related to Coxiella burnetii and perhaps WoZbuchiu persica. A new genus and species (Piscin'ckettsia sahonis gen. nov., sp. nov.) are proposed for this organism, with ATCC(R) VR 1361 as the type strain.
An obligately intracellular bacterium, strain LF-89, has been isolated (5) and identified as the etiologic agent (6) of an epizootic disease resulting in extensive mortality among salmonid fish reared in the Pacific Ocean coastal waters of South America. Losses to this disease were reported in 1989 to range from 30 to 90% of the coho salmon (Oncorhynchus kisutch) held in seawater netpens at many sites in southern Chile near Puerto Montt (1).
Initially the disease was thought to be confined to coho salmon, but infectivity studies with the isolated organism demonstrated pathogenicity for both coho and Atlantic salmon (Salmo salar) (6) , and, in 1990, major losses were recorded among the Atlantic salmon cultured in southern Chile. Chinook salmon (Oncorhynchus tshawytscha) and rainbow trout (Oncorhynchus mykiss) held at saltwater rearing sites also experienced mortality attributed to this agent. The disease does not occur in these stocks of fish during the freshwater-rearing phase of their life cycle, but mortality begins 6 to 12 weeks after introduction into seawater.
Diseased fish are lethargic, anemic, and dark in color. Hematocrits fall to 27% or less. The kidney is swollen, the spleen is enlarged, and occasionally gray, mottled lesions are present in the liver (1). Hematopoietic tissues exhibit extensive necrosis, and microorganisms morphologically similar to rickettsiae of the tribe Ehrlichieae can be observed by light and electron microscopy within membrane-bound cytoplasmic vacuoles or inclusions in tissues of the kidney and other internal organs (3).
In a comprehensive effort to determine the cause of the epizootics in coho salmon, tissues from diseased fish were collected for bacteriological, virological, and parasitological analysis. No known fish pathogens were identified in these preparations, but a microorganism morphologically identical to that observed in diseased fish was isolated from kidney tissues inoculated onto a chinook salmon cell line (CHSE-214 [ATCC CRL 16811) (5, 14).
To complete Koch's postulates and test the virulence of the bacterial isolate, 10-fold dilutions of medium from an infected CHSE-214 cell culture were injected into juvenile Atlantic and coho salmon. Inoculated fish developed the disease, and mortality approached 100% in all injected groups. The onset of mortality followed a clear dose-response pattern, and the microorganism was reisolated in pure culture from fish in each experimental treatment (6). Fryer et al. (5) suggested that this organism belongs in the order Rickettsiales, the family Rickettsiaceae, and the tribe Ehrlichieae on the basis of morphology and site of replication, but phenotypic characters alone were insufficient to determine specific placement. Therefore, we compared the 16s rRNAs from LF-89 and other gram-negative bacteria to determine the phylogenetic position of this agent.
MATERIALS AND METHODS
Bacterial isolate. The isolate designated LF-89 was utilized in characterization studies. It was cultured from a moribund 2-year-old coho salmon, ca. 40 cm in length and weighing ca. 1 kg. The salmon, which displayed typical disease signs, was collected from a seawater netpen in southern Chile where an epizootic was in progress. Small fragments (ca. 1 mm3) of kidney tissue were aseptically removed from the fish and inoculated directly into 25-cm2 tissue culture flasks (Corning Glass Works, Corning, N.Y.) containing a monolayer of CHSE-214 cells in antibiotic-free Eagle's minimum essential medium with Earle's salts (Automod; Sigma Chemical Co., St. Louis, Mo.) supplemented with 10% fetal bovine serum (Hyclone Laboratories, Inc., Logan, Utah). The cultures were kept at 4°C for transport to the Laboratory for Fish Disease Research, Oregon State University Hatfield Marine Science Center, Newport. Upon arrival, they were incubated at 15°C and observed for the appearance of cytopathic effect (CPE).
In the initial passage, CPE in the form of clusters of rounded cells appeared in the monolayer after 10 days of incubation at 15°C. When CPE in the original cultures became extensive, an aliquot of spent medium was transferred to fresh monolayers of CHSE-214 cells to be incubated and observed. Characterization studies utilized subsequent cell culture passages of the agent.
Electron microscopy. Cultures prepared for transmission electron microscopy were grown in 25-cm2 tissue culture flasks. After inoculation with strain LF-89, the CHSE-214 cells were incubated for 5 days at 15°C. The medium was then decanted, and the cell sheet was washed three times with balanced salt solution and fixed in place with 2.5% glutaraldehyde (Sigma) in balanced salt solution. The cells were scraped from the flask and centrifuged at 1,000 x g for 5 min. The cell pellet was postfixed with osmium, dehydrated, and embedded in Spurr's embedding medium (26) . The fixed cells were then sectioned, stained in Reynolds' lead citrate (20) , and viewed with a Philips CM12/STEM electron microscope at 60 kV in the transmission mode.
Cells to be viewed by scanning electron microscopy were plated on 15-mm-diameter round coverslips (Bellco Glass, Inc., Vineland, N.J.) placed in the wells of a 24-well, flat-bottom tissue culture plate (Corning). These cultures were inoculated and incubated at 15"C, and at selected intervals, coverslips were removed and rinsed in balanced salt solution. After fixation in 2.5% glutaraldehyde, the cells were dried to the critical point, coated with 200-nm Au-Pd (60:40, wt/wt), and viewed with an Amray l OOOA scanning electron microscope operated at 20 kV.
Nucleic acid sequencing. Nucleic acids were prepared from a 5-ml culture of infected CHSE-214 cells by enzymatic digestion and extraction with phenol. Briefly, 3 ml of lysis buffer (0.75 M sucrose, 400 mM NaCl, 20 mM EDTA, 50 mM Tris-HCl [pH 9.0]), 0.2% sodium dodecyl sulfate, and 1 mg of proteinase K (U.S. Biochemical Corp., Cleveland, Ohio) were added to a 25-cm2 tissue culture flask containing infected CHSE-214 cells. The flask was incubated with gentle agitation for 1 h at 58°C to lyse the cells. The lysate was extracted twice with buffer-saturated phenol (pH 8.0) and once with CHCl,. The nucleic acids were then precipitated from solution by the addition of 0.1 volume of 2 M sodium acetate solution and 2 volumes of ethanol.
The polymerase chain reaction (PCR) was used to amplify eubacterial 16s rRNA genes from the infected culture ( Thirty-five cycles of amplification were performed, with each cycle consisting of 1 min at 95"C, 2 min at 60°C, and 3 min at 72°C.
The amplified genes coding for rRNAs (rDNAs) were sequenced directly with universal small-unit rDNA primers (11, 24) . Templates were prepared for sequencing by agarose minigel electrophoresis of the PCR mixtures and elution of the 16s rDNAs from excised gel fragments by adsorption to glass beads (27) . The eluted DNA (ca. 1 pg) and 1.0 pmol of sequencing primer in an 8-kl volume of water were heated to 95°C and snap frozen in a dry ice-ethanol bath. The frozen template was then allowed to slowly warm to 4°C and sequenced with a Sequenase kit (U.S. Biochemical) and
The sequence data were analyzed on a MicroVAX I1 computer (Digital Equipment Corporation, Andover, Mass.) using the VMS operating system. Manual sequence alignment, evolutionary distance calculations, and phylogenetic tree inference were performed with the software package SEQED.
Nucleotide sequence accession number. The sequence generated in this study appears in the EMBL data base under accession number X60783.
[cY-~'S]~ATP.
RESULTS AND DISCUSSION
Fryer et al. (5) suggested that the organism isolated from coho salmon was a member of the order Rickettsiales, although few rickettsiae have been found in association with fish and no fish disease of confirmed rickettsial etiology has previously been reported. A review by Wolf (30) of the chlamydiae and rickettsiae of fish cites as the only example of rickettsiae an unconfirmed case report from Egypt in 1939 of small coccoid -forms, staining pink with Giemsa stain, found within monocytes and in plasma of blood smears from a dead tetradonid fish. Ozel and Schwanz-Pfitzner (19) observed a rickettsialike agent morphologically different from LF-89 in cultured fish cells inoculated with tissue from rainbow trout infected with Egtved virus (viral hemorrhagic septicemia virus). Although mortality was observed in the trout population, the cause is unclear. The agent was not maintained (25) , and no studies beyond microscopic observation were conducted to establish the rickettsial identity or to determine whether the observed organism was pathogenic for fish. Neorickettsia helminthoeca, the cause of the "salmon poisoning" disease of canids, is associated with fish but is not a fish pathogen. It is carried by a digenetic trematode, Nanophyetus salmincola, that is a parasite of salmonid fish in the Pacific Northwest (15), but replication in fish tissues has not been reported. Noonan (17) cultured the agent in cells of canine and murine origin but was unsuccessful in attempts to culture N . helminthoeca in cells originating from salmonid fish.
The LF-89 organism clearly belongs in the order RickettsiaIes for the following reasons. (i) It is an obligately intracellular bacterium; numerous attempts at either primary isolation or passage of the cell culture isolate on bacteriological media were unsuccessful (5). (ii) It has a morphology common to certain rickettsiae, i.e., the ehrlichiae, and to the reticulate bodies of the chlamydiae (16), but it does not fit within the order Chlamydiales because, although pleomorphic, it does not exhibit the alternating morphological forms observed with chlamydial organisms and does not react with a monoclonal antibody against the chlamydial genus-specific lipopolysaccharide antigen (5).
Precise taxonomic placement of the agent from coho salmon was difficult. Although it is morphologically similar to organisms in the tribe Ehrlichieae of the family Rickettsiaceae and has the most common feature of this group, i.e., replication within membrane-bound cytoplasmic inclusions in host cells (21), host specificity and serological characteristics suggest that it does not fit in any of the established genera. Previously characterized ehrlichial agents are pathogens of mammals (21); this agent is the pathogen of a poikilotherm and replicates optimally in fish cell cultures incubated between 15 and 18°C (9, but no replication occurs at temperatures above 25°C. It possesses few antigens in common with the ehrlichial agents with which it was compared. A very low-level reaction was noted by Lannan et al. (12) when LF-89 was tested with canine granulocytic Ehrlichia antiserum by indirect immunofluorescence, but no reaction was apparent with antiserum against Ehrlichia equi, Ehrlichia canis, or N . helminthoeca. However, small-subunit rRNA sequence comparisons now play a crucial role in the resolution of problems in bacterial taxonomy, particularly in cases where phenotypic characters are insufficient to demonstrate close evolutionary relationships among species.
Weisburg and coworkers (28) used rRNA sequence comparisons to demonstrate that the family Rickettsiaceae is polyphyletic. Representatives of the genus Rickettsia were found to form a monophyletic cluster within the alpha subdivision of the class Proteobacteria. Sequence comparisons indicated that Ehrlichia risticii was also a member of the alpha subdivision but was not specifically related to the Jukes and Cantor (10) . Approximately 1,200 positions were included in the analysis. The tree was calculated by a distance matrix method (18). The sequences other than that of P . salmonis are from a report by Weisburg et al. (28) and the EMBL data base.
genus Rickettsia. Coxiella burnetii, the causative agent of Q fever, and Wolbachia persica, a commensal of ticks, were both found to be gamma proteobacteria. C . burnetii and W. persica were not specifically related to each other. Collectively, these phylogenetic data suggest at least five independent origins for intracellular parasites.
We determined the LF-89 16s rRNA sequence by directly sequencing genes amplified from a mixed DNA population obtained from an infected CHSE-214 cell culture. Although the oligonucleotide primers used for the amplification were homologous to those of a broad range of eubacteria, direct sequencing indicated the presence of a single eubacterial gene.
The 16s rDNA sequence of LF-89 conformed to the secondary structural models for the gamma subdivision of the Proteobacteria (Fig. 1 ). This conclusion was further supported by the sequence similarities shown in Table 1 . The sequence from the salmonid pathogen showed no specific relationship to any of the 450 bacterial 16s rRNA sequences found in the files of the rRNA Data Base Project (29) . Furthermore, comparisons with the sequences of Rickettsia rickettsii, Rickettsia typhi, Rickettsia prowazekii, E. risticii, Rochalimaea quintana, W. persica, and C . burnetii indicated that LF-89, although more closely related to W . persica and C . burnetii (which are in the gamma subdivision of the Proteobacteria) than to members of the genera Rickettsia, Ehrlichia, and Rochalimaea (which are in the alpha subdivision), was not a specific relative of any of these intracellular bacteria.
Evolutionary relationships of the LF-89 16s rDNA are illustrated by the phylogenetic tree in Fig. 2 . The unique 16s rRNA sequence, coupled with the temperature requirements, host range, and serological characteristics of this pathogen, warrants its classification as a new genus and new species in the family Rickettsiaceae. However, assignment to a tribe must be delayed until there is appropriate reclassification of the family. We suggest the establishment of a new genus, Piscirickettsia gen. nov. (Pis'ci.ric.kett'si.a.) L.
n. piscis, fish; generic name Rickettsia; N.L. fem. n. Piscirickettsia, rickettsia1 organism affecting fish), for this organism and propose the species name Piscirickettsia salmonis gen. nov., sp. nov. (sal.mo'nis. L. gen. 11. salmonis, of salmon), since it was first discovered in salmon.
Description of the genus Piscirickettsia gen. nov. Coccoid, ca. 0.5 to 1.5 pm in diameter ( Fig. 3 and 4) , but often pleomorphic. Gram negative, retains basic fuchsin when stained by Pinkerton's method, and stains dark blue with Giemsa stain. Nonmotile. Sections show the wall profile of a gram-negative bacterium and the protoplasmic structure of a procaryote. Characteristically replicates within cytoplasmic vacuoles in susceptible fish host cells (Fig. 5) . Cultivable in fish cell cultures but not in cell-free media. Sensitive to a broad range of antibiotics but not to penicillin. The causative agent of the disease piscirickettsiosis in fishes.
Description of the species Piscirickettsia salmonis gen. nov., sp. nov. Pleomorphic, predominantly coccoid, ca. 0.5 to 1.5 pm in diameter, but also occurs as rings or pairs of curved rods. Gram negative, nonmotile.
The organism is a pathogen of salmonid fishes and replicates by binary fission (Fig. 6 ) within membrane-bound cytoplasmic vacuoles or inclusions (Fig. 7) in cells of susceptible fish hosts or in fish cell lines (3, , , and RTG-2 (31) from salmo- Regions of uncertain homology were eliminated from the comparison.
FIG. 3. and 4.
Scanning electron micrographs of CHSE-214 cells infected with P . salmonis (reprinted from reference 5 with permission of the publisher). In Fig. 3 , at 24 h postinoculation, P . salmonis organisms of various sizes are attached to the exterior surfaces of the host cells. Bar = 1 pm. In Fig. 4 , at 8 days postinoculation, the newly replicated organisms are being released from ruptured host cells. Note the ring form (arrow) and the varied sizes among the coccoid forms. Bars = 10 pm. nid fishes and EPC (4) and FHM (8) from nonsalmonid fishes. In vitro replication is optimal between 15 and 18"C, is greatly retarded at temperatures above 20°C and below 1O"C, and does not occur at or above 25°C. The organism cannot be propagated in cell-free media.
P . safmonis has produced an epizootic disease with extensive mortality in four species of salmonids, 0. kisutch, 0. tshawytscha, 0. mykiss, and S. salar, and no doubt other fish species are also susceptible. The disease has been experimentally induced in 0. kisutch and S . safar by intraperitoneal injection of fluids from infected cell cultures (6), but the method of natural transmission has not been determined. It is likely that one or more species of marine poikilotherms serve as a reservoir of infection in the environment.
The organism is cytopathic (Fig. 8) and produces a titer of lo6 to lo7 50% tissue culture infective doses per ml in cultured fish cells. The titer is reduced by >99% by one freeze-thaw cycle at -7O"C, but the presence of 10% dimethyl sulfoxide has a cryopreservative effect (5). The organism is sensitive to numerous antibiotics commonly used in cell culture or in human and veterinary medicine. In vitro replication is inhibited by low concentrations of gentamicin, streptomycin, erythromycin, rifampin, tetracycline, doxycycline, oxolinic acid, and chloramphenicol and is reduced by high concentrations of sulfamerazine but is unaffected by penicillin. The recommended methods of detection are isolation in cell culture or microscopic observation of acridine orangestained tissue smears (13). Kidney tissue from infected fish is inoculated onto CHSE-214 cells cultured in antibiotic-free medium. The cultures are incubated at 15 to 18°C and observed for 21 to 28 days for the appearance of CPE. After detection in cell culture or by acridine orange stain, confirmatory identification of the organism is made by serological methods, e.g., fluorescent-antibody staining (12).
Description of the type strain. The type strain (LF-89) has been deposited with the American Type Culture Collection as strain ATCC(R) VR 1361. It is the first isolate of P . safmonis to be described (5).
